Contrasted role of disorder for magnetic properties in an original mixed valency iron 

Phosphate. 
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We have measured the magnetic properties of a mixed valency iron phosphate. It presents an 
original structure with crossed chains containing Fe^' and orthogonal to the longest direction of the 
crystallites. Microstructural investigations using electron microscopy show the presence of random 
nano-twinning. The ac susceptibility measurements demonstrate similarities with the kinetics of a 
disordered magnetic, spin-glass like, state but are shown to be essentially due to this peculiar disor- 
der. Scaling properties are characteristics of 3D second order transition implying that this disorder 
at a small scale does not influence significantly long range magnetic ordering. At low temperature, a 
decrease of the spontaneous magnetization and an irreversible metamagnetic transition is observed, 
and is attributed to a canting of the spins in the iron chain. 

PACS numbers: 75.50.-y, 75.30.Kz, 68.37.Ef, 61.50.-f 



I. INTRODUCTION 



Transition metal phosphates constitute a great fam- 
ily of compounds widely investigated because of their 
various potential applications, such as cathodes for Li 
batteries [l|, heterogeneous catalysts 12] , or molecular 
sieves 3 . Magnetic properties are less deeply studied al- 
though structural features of many reported phases (e.g. 
metal polymers, infinite chains of metal polyhedra) sug- 
gest interesting, albeit complex, magnetic interactions. 
Indeed, the structural features mixes low dimensional- 
ity, disorder and, more rarely, different valencies which 
may lead to different spin sublattices. Up to now, vana- 
dium phosphates still seem to be the most investigated 
[J-Q. Others transition metal phosphates are obviously 
studied such as copper phosphates [7, 8], or manganese 
phosphates for instance &]. Focusing on the iron phos- 
phate group, an antiferromagnetic behaviour is reported 
for Fe2P20i (superexchange mechanism between Fe ) 
|10| . Fe^POj (direct exchange or superexchange mech- 
anisms between Fe^^^) [ll| and Fe4{P207)3 (superex- 
change mechanism between Fe^^^) ,12]. SrFe2{P04)2, 
which framework exhibits iron tetramers in the high spin 
Fe^^ state, present more complex magnetic properties, 
including metamagnetic regimes and competition be- 
tween structural and magnetic phase transitions | 13l [ij] . 
A study by powder neutron diffraction of /3—Fe2{P04)0, 
which 3D-framework is built of iron polyhedra infinite 
chains, revealed a ferromagnetic order within the chains 
and an antiferromagnetic order between the chains which 
leads to an antiferromagnetic bulk transition 



15|. One 



interesting aspect of transition metal phosphate for mag- 
netism is that phosphate groups can isolate magnetic 
ions, leading to low dimensional spin systems. Another 
interesting aspect, maybe less deeply studied, is that orig- 
inal structures with a non trivial disorder can be stabi- 
lized. As we will show here, such a peculiar disorder can 
have important consequences with for example an aver- 
aging of low dimensional magnetic characteristics at the 
sample scale. Then, coupling a careful analysis of struc- 



tural data with detailed magnetic measurements will help 
to shed some light on the role of specific geometries for 
magnetic properties of disordered medium. 

We report herein on the study of magnetic proper- 
ties in the original mixed valency iron phosphate /? — 
{NH4)Fe2{P04)2 using macroscopic magnetic measure- 
ments. The study by X-Ray diffraction of its structure 
has already been reported [l6| so that only a brief re- 
minder of the structural main features will be given. An 
additional study using electron microscopy allows a bet- 
ter understanding of the disorder phenomenon at a local 
scale and its infiuence on the magnetic properties, which 
reveal interesting features such as slow dynamics due to 
the peculiar disorder of the structure and canting of the 
spins at low temperature. 



II. SAMPLE PREPARATION AND 
STRUCTURAL ANALYSIS 



A single-phase sample of /3 — {NH4)Fe2{P04)2 was 
prepared under hydrothermal conditions. A mixture of 
Fe203, FeCl2 and {NH4)2HP04, in the respective mo- 
lar ratio 0.25:0.5:1, was placed in a 21 mL Tefion-lined 
stainless steel autoclave with 2 niL of deionized water. 
It was heated at 493 K over 25 H and then cooled to 
room temperature for 17 H. The resulting product, made 
up of black needle-like crystals of /3 — {NH4)Fe2{P04)2 
(Fig.l), was filtered and washed with deionized water. 
The phosphate (3 — {NH4)Fe2{P04)2 was then charac- 
terized using single-crystal X-Ray diffraction, and crys- 
tallizes in the orthorhombic space group Fddd with the 
cell parameters a = 17.1491(2) A, b = 7.4419(2) A, c 
= 10.0522(3) A. Detailed characterization using super- 
space formalism was previously proposed [16] . In partic- 
ular, the presence of diffuse scattering characteristic of 
correlated disorder was reported. The three-dimensional 
framework of /3 — {NH4)Fe2{P04)2 is built of distorted 
Fb^^Oq and Fb^^^Oq octahedra and PO4 tetrahedra. 
Theses polyhedra share edges and apices to form hexag- 



onal tunnels, running along [Oil] and [Oil] directions, 
in which ammonium cations are located (Fig. 2). Pro- 
jections of the structure along [Oil] and [Oil] directions 
show that [FeP20s\oo ribbons are running along [Oil] 
and [Oil] directions (Fig. 2), i.e. perpendicularly to the 
needle-like crystal axis a; the angle between two ribbons 
being 73° (Fig. 3). Each [FeP20s\oo ribbon is made of 
edge-sharing Fe^'Oe and PO4 polyhedra; the role of the 
[Fe04]oo chains (Fig. 2) will be discussed in the analysis 
of the magnetic properties. [FeP20s]oD ribbons are con- 
nected to each other thanks to Fe^^O^ octahcdra and 
PO4 tetrahedra. As a consequence, one Fc^^Oq octa- 
hedron share one edge with one PO4 tetrahedron, four 
apices with four other PO4 tetrahedra and two apices 
with two Fe^^^Oe octahcdra. The Fe^^^Oe octahedra 
running along [Oil] and [Oil] directions, i.e. the ordered 
part of this complex structure, form hexagonal tunnels 
containing NH'^^ cations alternate with [_Fe04]8 chains 
according to the sequence NH*^ — [Fe04]8 — NH'^^ — 
[Fe04]8 (Fig-2). Nevertheless, a random distribution of 
hexagonal tunnels and [-Fe04]8 chains can be observed 
along the w direction, i.e. [211]. Such an impossibility 
to define a fixed sequence along this direction indicates 
that /3 — {N H4)Fe2{P04)2 exhibits a complex disorder 
phenomenon along a. 



III. MICROSTRUCTURAL ANALYSIS USING 
TRANSMISSION ELECTRON MICROSCOPY 

In order to obtain further information on the nature 
of this disorder at a local scale, we decided to investi- 
gate ,3- (iV7?4)Fe2(P04)2 by Transmission Electron Mi- 
croscopy (TEM) using a JEOL2010F microscope. Part 
of the product of the hydrothermal synthesis was crushed 
in an agate mortar to obtain small fragments that were 
put in a suspension in alcohol. A drop of the suspension 
was then deposited and dried on a copper grid previously 
coated with a thin film of amorphous carbon. Selected 
Area Electron Diffraction (SAED) performed on several 
crystallites confirms that /3-(NH4)Fe2(P04)2 presents a 
disordered structure evidenced on the diffraction patterns 
by the systematic presence of diffuse scattering along the 
[100]* direction. 

As mentioned above, the [Oil] projection (Fig. 2) ap- 
pears the one to choose to obtain information on how the 
hexagonal tunnels are filled: either with NH^ groups or 
with [FeP204]oo ribbons. In the Fig. 4a, a typical [Oil] 
SAED zone axis patterns (ZAP) shows spots that can be 
indexed considering the F^dd orthorhombic unit cell pre- 
viously reported [lg| (Fig. 4b). The Fig. 4a also reveals the 
existence of strong diffuse streaks (marked with white ar- 
rows) parallel to [100]* and located in between the spots 
rows. In addition, depending on the crystallite under 
observation, more or less pronounced intensity reinforce- 
ment in the form of nodes elongated along [100]* can be 
observed at positions that could be indexed considering 
a slightly distorted [112] ZAP of the a-(NH4)Fe2(P04)2 



monoclinic unit cell [131 (Fig. 4c). Keeping in mind that 
our goal was to reveal how the [FeP2 04]oo ribbons are lo- 
cally arranged in the structure and also considering that 
this compound was beam sensitive, we choose to gain in- 
formation at a local scale working at a medium resolution 
in the TEM imaging mode. Using an objective aperture 
to select diffraction scattered at an angle corresponding 
to a ■^SA resolution limit (see light gray circle in Fig. 4a), 
we form an image with only few beams but with the most 
intense part of the diffuse scattering. The structure of 
the ordered a-(NH4)Fe2(P04)2 was used to simulate the 
TEM images (JEMS software) and verify that in such 
an operating condition the images actually allow exclu- 
sively to reveal the arrangement of the hexagonal tunnels 
(separated at least by 6A). Additionally there is a large 
focal range where the hexagonal tunnels filled with NH^ 
groups appear as bright intense dots for thicknesses above 
lOnm. The experimental image Fig. 5 shows a crystallite 
heavily twinned at the nanoscale with a twin plane per- 
pendicular to the [100] direction. The Fig. 5a is a Fourier 
filtered image constructed by selecting only the six spots 
present in the Fourier diffractogram of the experimen- 
tal image and operating an inverse Fourier transforma- 
tion. Such an image actually represents the arrangement 
of the hexagonal tunnels regardless their occupancy (see 
schematic representation above the Fig. 5a). It do not ex- 
hibit any twinning and the periodicity along [Oil] is half 
the one observed in the experimental image. It shows 
that the arrangement of the hexagonal tunnels is iden- 
tical all over the experimental image, only the way they 
are filled up differs. Importantly, this last information is 
carried on by the diffuse streaks and can be related, in 
the image mode, to the observed twinning. The enlarged 
parts of the experimental image Fig. 5b and c show two 
different types of nano-structure. The first one Fig. 5b 
corresponds to a twin structure where the hexagonal tun- 
nels are filled following the sequence NH^-[FeP2 04]oo- 
NIl|-[FeP2 04]oo along the direction w--[211]. This se- 
quence is related to the stacking found in the ordered a- 
(NH4)Fe2(P04)2. The second one Fig. 5c corresponds lo- 
cally to a structure where the hexagonal tunnels are filled 
following the sequence NH+-NH^-[FeP204]oo-[FeP204]oo 
along the direction w, which is related to the ideally or- 
dered /3-(NH4)Fe2(P04)2 reported in [ll|. The disor- 
dered structure of /3-(NH4)Fe2(P04)2 explored at this 
local scale is thus fully consistent with the conclusion 
previously drawn from the single crystal X-ray diffrac- 
tion. Locally each platelet presents a filling sequence 
in the hexagonal tunnels that can be related either to 
the a- type ordering with different twinned domains or 
the "ideally" (5 - type ordering, which can be consid- 
ered as polytypes of NIl4Fe2(P04)2. The arrangement 
of NHJ groups and [FeP204]oo ribbons is ordered along 
the [Oil] direction with a sequence NH;^-[FeP204]oo (see 
schematic drawing in Fig. 5b and c). The diffuse scatter- 
ing originates from the absence of NHJ" / [FeP204]oo long 
range ordering along [100] with the intergrowth of poly- 
type structures and formation of twinning at a nanoscale 



in the form of infinite platelets developed along [Oil] and 
of limited and random extension along [100]. 



IV. MAGNETIC PROPERTIES 

A. General characterization with DC 
magnetization 

A 1.57 mg amount of randomly oriented crystals was 
used for studying of magnetic properties. Measurements 
were made in a MPMS-magnetometer and using ACMS 
option of a PPMS (Quantum-design). Note that to check 
that our samples behave as a powder of randomly dis- 
tributed crystallites, some measurements on a compacted 
pure powder of the same phosphate were also conducted, 
and they produced similar results. First magnetic charac- 
terizations were made using measurements of the dc mag- 
netization. In Fig. 6 is shown the FC-ZFC thermal mag- 
netization with an applied field oi B — OAT. Different 
features can be observed. At T « 24K, a large increase of 
the FC magnetization is observed, suggesting a ferromag- 
netic or ferrimagnetic ordering. At lowest temperature, 
the FC and ZFC curves separate, and show thermal hys- 
teresis. A small decrease of the FC magnetization can 
be observed, below a temperature T sa 8A'. A Curie- 
Weiss plot of the susceptibility x~^ = C/{T — 9c) gives 
the following parameters: 9c = —33.6 ± OAK showing 
antiferromagnetic correlations and fieff — 7.12 ± 0.06/iB 
per formula unit. This latter value is close to one Fe^^ 
and one Fe^^^ in a high spin state (fieff — 7.68^b)- This 
proportion of Fe^^ /Fe^^^ is in agreement with both the 
structural resolution and the Mossbauer measurements 
at room temperature (not shown here). 

The magnetic cycle at T = 2K has a clear 
ferromagnetic-like signature (Fig. 7) after the first mag- 
netization curve, with a very low coercivity of He ~ lOG 
classifying our material as a soft magnet. At the max- 
imum of the magnetic field available in our SQUID 
MPMS, the magnetization is not fully saturated {M{H = 
5T) '^ 2.75/ib//.u). Complementary measurements in a 
14T PPMS using the acms option shows that Msat ^ 
3fj,B/ f-u for H > 9T. This is much lower than the value 
of 9/j,b//.u expected for fully polarized Fe^^ and Fe^^^ in 
the high spin state. From this, a ferrimagnetic ordering 
can be suspected. Note that the X~^(T) curve has a pe- 
culiar rounded shape above the transition temperature 
(inset of Fig. 6) which is also typical of a ferrimagnetic 
ground state. 



B. Frequency dependent susceptibility 

The frequency dependent susceptibility is a classical 
tool to characterized disordered magnetic states. For in- 
stance, the measure of the shift AT of the susceptibil- 
ity maximum for different frequencies / is an usual pro- 
cedure to evidence glassy-like features. The parameter 



a = AT/Tolog{2.7r.f) is often used as a phenomenologi- 
cal classification of disordered magnetic states [ig]. We 
have measured the ac suceptibility with applied frequen- 
cies ranging from / = IHz to \KHz. We observe a 
shift of the susceptibility maximum (Fig. 8), and calcu- 
late a ~ 3.10^'^, which defines apparently our transition 
as a spin-glass one [l8|, [l9| . It is however clear from the 
preceding paragraph that our sample has a ferromagnetic 
characteristic with a permanent moment, and by defini- 
tion can not be a spin glass. A well known property of 
spin glasses, the aging effect [20], is not also observed 
(the relaxation of the magnetization is found to be in- 
dependent on the time spent at a constant temperature 
before cutting the field). To understand the reason of 
the slow dynamics observed with the ac susceptibility, 
we have first studied the variation of the transition tem- 
perature Tm when the applied magnetic field is increased 
(Fig. 9). This variation is non monotonic. At low field 
H < H* « 300G,T„i decreases when H increases [2l] ]. 
For H > H* , the opposite field dependency is observed: 
Tm is an increasing function with H. This latter evolu- 
tion, and the observed broadening of the transition re- 
gion, is expected for the critical region of a second or- 
der transition, and is then consistent with a conventional 
ferromagnetic transition. The question is clearly what 
is the cause of the low field behavior {H < H* sa 3006*) 
which mimics the slow dynamic of a spin glass around the 
transition temperature. To answer to this question, we 
have measured the dc magnetization as function of the 
applied magnetic field H in the same range of tempera- 
tures. As shown in fig. 10, as soon as T < Tc, a linear part 
emerges at low magnetic field values. It corresponds to 
the straight line of demagnetizing field. In the particular 
case of a ferromagnetic-like transition where the magnetic 
susceptibility goes to infinity at the transition, this slope 
of this line is simply 1/iV where N is the coefficient of 
demagnetizing field. Its origin should be purely geomet- 
ric. Fitting this line provides an estimate of \/N « 2.5 
and N « 0.4. This value is roughly consistent with crys- 
tallites of random orientation with respect to the applied 
field (here, the crystallites have approximatively ellipti- 
cal shapes with a ratio length/diameter of 5 in average). 
Note the line of demagnetizing field is observed here in a 
polycrystallinc mixture. It shows that that the elemen- 
tary crystal has not a purely uniaxial magnetic symmetry 
and should be more isotropic [23] , at least at the temper- 
ature of the ordering transition. Since the crystallites are 
needle-like, a quasi-lD character could be expected. An 
originality of the structure is that the chains of Fe^^ are 
not along the longest dimension of the crystallites, but in 
the plane which is orthogonal to it. As described above, 
these chains are also along two different directions. It is 
then likely that the magnetocrystalline energy favors the 
orientation of magnetic moments along these iron chains, 
giving an isotropic character in the spins direction. 

From this part, it can be concluded that the (field, 
temperature) range, where the slow dynamics of spin- 
glass type appear, is directly linked to the demagnetiz- 



ing effect close to the transition. It is then directly linked 
with the presence and the growing of magnetic domains. 
In some aspects, it recall the Hopkinson effect of ferro- 
magnetic which is observed in the low field limit [24, 25], 
but the frequency dependence that we observe indicate 
additional processes. The small frequency dependence is 
a characteristic of a slow dynamic, and implies here the 
presence of effective pinning centers which impede the 
growth and nucleation of magnetic domains. We have 
shown in the structural study that twin boundaries ex- 
ist parallel to the iron chains, and can be responsible 
for local strains along which domain walls could corru- 
gate. The size of the defects is few nanometers, which is 
a typical scale for domain walls. These extended defects 
are likely responsible for domains wall pinning and for 
the associated slow dynamics. Interaction between twin 
boundaries and domain walls has been already reported 
in oxydes [2(| , For example, domain walls were observed 
to be constraint by the twin direction using magneto op- 
tical imaging [27| . 

We have proposed potential defects which are impor- 
tant for impeding the growth and nucleation of magnetic 
domains in the magnetization process, but they do not 
contribute to a large coercitive field. Indeed, our sam- 
ple is a soft magnet with a coercitive field He ~ 20G at 
T = 2K. We think that, as in amorphous material, the 
local disorder causes fluctuations of the anisotropy from 
one magnetic site to the other and the effective pinning 
potential for domains wall which are already formed is 
low. A consequence can be the existence of 3D rather 
than low dimensional magnetic interactions at the sam- 
ple scale, what can be studied with the analysis of critical 
exponents close to the ordering temperature. 



C. extraction of critical exponents and Bloch law 

We have shown that the low field regime H < H* 
is dominated by demagnetizing and pinning processes. 
Then, the genuine transition should be studied for H > 
H* when the variation of the apparent temperature 
of transition shows signs of a critical behavior (a de- 
crease/broadening of the peak which moves to highest 
temperatures when the magnetic field is increased) . This 
has been already emphasized by different authors, who 
have noted that the scaling laws of critical transition 
should be studied outside the range where technical pro- 
cesses dominate. Following [23], the position and value 
of the maximum of the ac susceptibility x can be related 
to critical exponents as deduced from standard scaling 
theory. Using the reduced variables t,n = T^/Tc — 1 
(Tfn is the location of the susceptibility maximum) and 
h = Hi/Tc where Hi is the internal field corrected from 
demagnetizing effect {Hi = H — NM), the following 
power-law dependences should be fulfilled: 
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As shown in Fig. 11 and 12, the following values of criti- 
cal exponents are found: 6 = 4.67 ± 0.07, 7 = 1.47 ± 0.03 
and (3 = 0.41 ± 0.06. These values are very close to 
those expected for a 3D Heisenberg isotropic magnet 
{S = 4.80,7 = 1-39 ± 0.09 and /3 = 0.36) [29[, taken 
into account the experimental precision. This analysis 
confirms that interactions are long range and essentially 
3D, and that random disorder of the structure does not 
impede significantly the long range magnetic ordering. 

In conventional ferromagnets (above technical satura- 
tion), but also when coUinear ferrimagnetic structure is 
achieved at high enough magnetic field , the saturation 
magnetization Mg generally follows the Bloch law de- 
rived with spin waves theory. To first order, the in- 
creased spin waves excitation at higher temperature leads 
to Ms ex r3/2 [sS]. This is observed down to T < 8K, 
where the moment decreases below its expected value 
(Fig.l3). 



D. Reduction of the magnetic moment at low 
temperature 

This low temperature moment reduction suggests a 
breakdown of spin collinearity. The drop from the ex- 
pected value of the magnetization at low temperature 
gives a relative reduction r = 0.94 — 0.97, and would 
yield an averaged canting angle 9c of 9c — arccos{r) k. 
14 — 20deg [3l5- Looking at the hysteresis loop at low 
temperature (Fig. 14), another effect is observed simul- 
taneously: the virgin magnetization curve for T < 8K 
changes notably. The shape of this curve recalls a pin- 
ning type magnet, but it lies outside the hysteresis loop 
boundary before saturation what is clearly unusual for a 
conventional magnet. We propose that the virgin mag- 
netization reflects an irreversible metamagnetic transi- 
tion, implying that the anisotropy is reinforced at low 
temperature. In such a case, the curve represents the 
irreversible rotation of one sublattice of magnetization 
with antiferromagnetic ground state at a critical field He 
(here He « 0.45T at T = 2K). Goodenough-Kanamori 
exchange rules indicate an antiferromagnetic superex- 
change pathways in the chains containing the FeJ^ ions. 
Metamagnetic-like behavior implies also competiting in- 
teractions and then ferromagnetic interactions (between 
next nearest ncighbourg), which is consistent with the 
fcrrimagnetism of the coumpound. We observe a re- 
markable increase of He between T — 5K and T = 2K 
(Fig. 14), in the temperature range where the canting oc- 
curs. It could arise from the reinforcement of the single 
ion magnetic anisotropy of Fe^^ ions as the tempera- 
ture decreases. Another possibility is an antisymmetric 



Dzyaloshinsky-Moriya (D-M) interaction which results 
from the anisotropic superexchange interaction [32| , and 
is allowed here because two neighboring Fe^^ ions are 
not related by a center of inversion. 



V. CONCLUSION 

We have measured and discussed the magnetic proper- 
ties of an original mixed valency iron phosphate, focus- 
ing on the role of the complex structural disorder. Its 
random distribution at a nanoscale is responsible for the 



slow dynamics of magnetic domain walls as evidenced 
in the frequency dependence of the dynamical suscepti- 
bility, but does not perturb significantly the long-range 
ferrimagnetic ordering, which is found of 3D Heisenberg 
type. At low temperature, the breakdown of the Bloch 
law indicates a spin canting. This implies a reinforced 
anisotropy at low temperature, which is likely responsi- 
ble for the irreversible metamagnetic transition which ap- 
pears in the same temperature range. This study shows 
how the role of disorder can be important, but can have 
also contrasted consequences, for magnetic properties. 
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FIG. 1: MEB picture of a needle-like crystallite of 13 
{NH4,)Fe2{P04,)2, with the direction of the a-axis. 
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FIG. 2: Projection of the /3 - {NHi)Fe2{POi)2 structure 
along [Oil]. 
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FIG. 3: Projection of the /? - {NH4,)Fe2{POi)2 structure 
along the a-axis (i.e. perpendicularly to the (be) plan). 
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FIG. 4: a) [Oil] SAED zone axis patterns observed on a /3- 
(NH4)Fe2(P04)2 crystallite. It can be described as the reg- 
ular alternation along [Oil]* of two type of rows parallel to 
[100]* one being diffuse streaks at d*=o-i-dQjj (o for odd inte- 
ger) and the other made of spots at d*=n-dQ]^j. b) Schematic 
representation of the dashed circular area in a) and where the 
spots (in dark) related to the average structure are indexed 
considering the Fddd orthorhombic cell. In gray is represented 
the diffuse streaks where intensity reinforcement can be ob- 
served, c) The diffuse nodes can actually be indexed con- 
sideringa [112]ZAP of the a-(NH4)Fe2(P04)2 ordered mon- 
oclinic form [13]. 
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FIG. 5: ~5A resolution TEM image obtained from a /3- 
(NH4)Fe2(P04)2 crystallite, a) Fourier filtered image gener- 
ated by selecting only the spots present in the diffractogram 
observed in the Fourier transform of the a area. Such an 
image allow to locate the hexagonal tunnels present in the 
structure regardless how they are filled as illustrated in the 
schematic structure drawing above the image. Depending 
on the filling sequence along w~[211] between NHj groups 
(white hexagon) and [Fe04]oo chains (dark grey hexagon), it is 
possible to generate either a a- or /?-type ordering, b) enlarge- 
ment (x2) of the experimental image (b area) showing that 
this part of the crystal can be seen as a a-(NH4)Fe2(P04)2 
twin structure at a nanoscale. c) enlargement (x2) of the ex- 
perimental image (c area) showing that locally this part of 
the crystal can be seen as an "ideally" /3-(NH4)Fe2(P04)2 
ordered structure. 
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FIG. 6: Molar magnetic susceptibility as function of the tem- 
perature measured during field cooling and zero field cooling 
procedures with an applied field of O.IT. In the inset is shown 
the inverse molar susceptibility to evidence the Curie- Weiss 
regime at high temperature. 
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FIG. 7: Magnetic cycle after saturation of the magnetization 
measured for a temperature T = 2K. The magnetization is 
per formula unit. 



10 



5x10 



mi 
O 

£ 



1x10 




T(K) 



FIG. 8: Ac susceptibility for H — and for different frequen- 
cies / = 1, 5, 10, 25, 50, 120, 250, 500 and WOOHz. In the inset 
are shown similar measurements, taken with small tempera- 
ture steps. 
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FIG. 9: Applied magnetic field as function of the tempera- 
ture of the maximum of suceptibility (/ = 7 Hz). Note the 
inversion of the dependence ai H = H* ~ 300G. 
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FIG. 10: Magnetization as function of the increasing magnetic 
field, for temperatures T = 23, 22, 21 and I^K from bottom 
to top. The straight hne is the hue of demagnetizing field up 
to i? ~ 20000^/m ~ 250G at 20K. 
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FIG. 11: Maximum of the in phase susceptibility (/ = IHz) 
as function of the internal magnetic field //i (corrected from 
the demagnetizing field) in log-log scale. Also shown is the 
reduced critical temperature as function of Hi in log- log scale. 
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FIG. 12: Maximum of the in phase susceptibility (/ = 7Hz) 
as function of the reduced temperature in log-log scale. 
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FIG. 13: Field cooled magnetization as function of T ' , for 
fields H = 1, 2, 3, 4 and 5T from bottom to top. The dotted 
line corresponds to the temperature variation of the Bloch 
law which becomes apparent with the increase of the applied 
field. Note the decrease of the measured magnetisation at low 
temperature, compared to the dotted line. The magnetization 
is per formula unit. 
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FIG. 14: (Color Online) First magnetization curve as func- 
tion of the increasing and then decreasing magnetic field, for 
temperatures T — 5 and 2K, showing an irreversible metam- 
agnetic transition. The magnetization is per formula unit. 



